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Provided is an ESD protection device having high insulation
reliability and good discharge characteristics. An ESD pro-
tection device includes a first discharge electrode and a sec-
ond discharge electrode that are disposed so as to face each
other, a discharge auxiliary electrode (18) formed so as to
span between the first discharge electrode and the second
discharge electrode, and an insulator base that holds the first
discharge electrode, the second discharge electrode, and the
discharge auxiliary electrode (18). The discharge auxiliary
electrode (18) includes an aggregate of a plurality of metal
particles (24) each having a core-shell structure including a
core portion (22) that contains, as a main component, a first
metal and a shell portion (23) that contains, as a main com-
ponent, a metal oxide containing a second metal. A pore (26)
is present in at least part of the shell portion (23).
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ESD PROTECTION DEVICE AND METHOD
FOR PRODUCING THE SAME

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an electrostatic discharge
(ESD) protection device and a method for producing the
same. In particular, the present invention relates to an
improvement in a discharge auxiliary electrode provided for
the purpose of accelerating electrostatic discharge in an ESD
protection device.

2. Description of the Related Art

An overvoltage protection element that is interesting to the
present invention is described in, for example, Japanese
Unexamined Patent Application Publication No. 2008-85284
(Patent Document 1).

Patent Document 1 describes an overvoltage protection
element material which is to become a discharge auxiliary
electrode provided for the purpose of accelerating discharge.
The material contains a non-conductor powder (for example,
silicon carbide: particle size 1 to 50 um) and a metal conduc-
tor powder (for example, copper: particle size 0.01 to 5 pm),
and an adhesive (for example, glass powder).

In addition, Patent Document 1 describes a method for
producing an overvoltage protection element, the method
including a step of preparing a material paste by uniformly
mixing a non-conductor powder, a metal conductor powder,
and an adhesive at a particular ratio, a step of printing the
material paste on a substrate, and a step of conducting a firing
process (temperature: 300° C. to 1,200° C.) on the substrate.

However, the technology described in Patent Document 1
has the following problems to be solved.

First, since the surface of the metal conductor powder is
exposed, exposed metal conductor particles are bound to each
other during discharge, which may decrease insulation reli-
ability. Furthermore, silicon carbide, which is used as a non-
conductor powder, is a semiconductor having a relatively low
insulation resistance, and thus it is difficult to improve insu-
lation reliability.

For example, International Publication No. 2009/098944
pamphlet (Patent Document 2) describes a technology that
can solve the problems described above.

Patent Document 2 describes the use of a discharge auxil-
iary electrode in which a conductive material (such as a Cu
powder) coated with an inorganic material (such as Al,O;) is
dispersed. According to the technology described in Patent
Document 2, insulation reliability can be enhanced because
the exposure of the conductive material is suppressed as com-
pared with the technology described in Patent Document 1.
Furthermore, even when the content of the conductive mate-
rial is increased, short-circuit between particles of the con-
ductive material does not easily occur. Thus, discharge occurs
more easily by increasing the content of the conductive mate-
rial. As a result, the peak voltage can be decreased.

However, the technology described in Patent Document 1
also has the following problems to be solved.

The “conductive material coated with an inorganic mate-
rial” in the technology described in Patent Document 2 is
merely a material obtained by coating the surface of a con-
ductive material with fine particles composed of an inorganic
material, as described in paragraphs [0034] and [0094] and
FIG. 4 in Patent Document 2. Accordingly, it is relatively
difficult to completely cover the surface of the conductive
material with the inorganic material. Furthermore, even if the
surface of a conductive material is completely covered with
an inorganic material before the stage of firing, as shown in
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FIG. 12, when the conductive material 1 is thermally

expanded during firing, the conductive material 1 is not com-

pletely covered with the inorganic material 2 and the conduc-

tive material 1 may be exposed after firing. Therefore, regard-

ing insulation reliability, a further improvement has been

desired.

Patent Document 1: Japanese Unexamined Patent Applica-
tion Publication No. 2008-85284

Patent Document 2: International Publication No. 2009/
098944 pamphlet

BRIEF SUMMARY OF THE INVENTION

Accordingly, an object of the present invention is to pro-
vide an ESD protection device which can solve the above
problems, more specifically, which has high insulation reli-
ability and good discharge characteristics, and a method for
producing the ESD protection device.

First, the present invention provides an ESD protection
device including a first discharge electrode and a second
discharge electrode that are disposed so as to face each other,
a discharge auxiliary electrode formed so as to span between
the first discharge electrode and the second discharge elec-
trode, and an insulator base that holds the first discharge
electrode, the second discharge electrode, and the discharge
auxiliary electrode. In order to solve the above technical
problems, the discharge auxiliary electrode includes an
aggregate of a plurality of metal particles each having a core-
shell structure including a core portion that contains, as a
main component, a first metal and a shell portion that con-
tains, as a main component, a metal oxide containing a second
metal, and a pore is present in at least part of the shell portion.

Since the metal particles that constitute the discharge aux-
iliary electrode are each completely or substantially com-
pletely covered with a shell portion containing a metal oxide
as a main component in this manner, insulation reliability
during discharge can be increased. In addition, since the shell
portion has a pore, the shell portion has a small thickness in
the periphery of the pore. Thus, discharge can be started by
applying a relatively low ESD voltage.

The core portion preferably has a depression in the vicinity
of the pore, the depression having a shape that receives the
pore. Since the depression is present, electric charges are
easily concentrated on the portion of the depression. Conse-
quently, discharge easily occurs to improve discharge char-
acteristics. In particular, a lower peak voltage can be realized.

The metal particles are preferably bound to each other with
a glass-containing substance. In this case, degradation of
peak voltage characteristics after a drop impact can be sup-
pressed.

The shell portion preferably has a thickness of 50 to 1,500
nm. In this case, not only high insulation reliability but also
good discharge characteristics, in particular, a lower peak
voltage can be realized.

In a preferred embodiment, the second metal may be more
susceptible to oxidation than the first metal. In this case, a
plurality of metal particles each having a core-shell structure
including a core portion containing, as amain component, the
first metal and a shell portion containing, as a main compo-
nent, a metal oxide that contains the second metal can be
easily obtained by using the production method described
below.

In the above embodiment, the first metal is preferably
copper or a copper-based alloy containing copper as a main
component. In this case, an ESD protection device can be
provided at a relatively low cost. Furthermore, since copper
has a relatively high melting point, insulation reliability dur-
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ing discharge can be further improved. This is because if the
melting point is low, metal particles are melted and sintered
by heat during discharge and short-circuit may occur.

In the above embodiment, the metal oxide containing the
second metal is preferably at least one selected from alumi-
num oxide, silicon oxide, magnesium oxide, and nickel
oxide. These oxides have high insulating properties, and thus
insulation reliability during discharge can be further
improved.

The core portion may contain not only the first metal but
also the second metal as an auxiliary component.

In the case where the core portion contains the second
metal, even when the shell portion is broken for any reason,
the shell portion can be repaired by heat during discharge.

In the ESD protection device according to the present
invention, the first discharge electrode, the second discharge
electrode, and the discharge auxiliary electrode are preferably
disposed inside the insulator base, and the insulator base
preferably has a cavity for disposing a gap between the first
discharge electrode and the second discharge electrode. The
ESD protection device preferably further includes a first outer
terminal electrode and a second outer terminal electrode that
are formed on surfaces of the insulator base and that are
respectively electrically connected to the first discharge elec-
trode and the second discharge electrode. In this case, mois-
ture resistance of the ESD protection device can be improved.

The present invention also provides a method for produc-
ing an ESD protection device.

A method for producing an ESD protection device accord-
ing to the present invention includes the steps of preparing an
alloy powder composed of an alloy containing a first metal
and a second metal that is more susceptible to oxidation than
the first metal; preparing an insulator base; forming an unfired
discharge auxiliary electrode containing the alloy powder on
the insulator base; forming, on the insulator base, a first
discharge electrode and a second discharge electrode that are
disposed so as to face each other with a predetermined gap
therebetween on the discharge auxiliary electrode; and firing
the unfired discharge auxiliary electrode.

The step of firing the unfired discharge auxiliary electrode
includes the steps of, in each of alloy particles constituting the
alloy powder,

(1) conducting heat treatment in an atmosphere having an
oxygen concentration at which the first metal is not oxidized
and the second metal is oxidized in order to form a shell
portion containing, as a main component, a metal oxide con-
taining the second metal, the metal oxide being formed by
moving the second metal toward the surface of the alloy
particle and oxidizing the second metal at the time when the
second metal reaches the surface, and to form a core portion
containing, as a main component, the first metal that is left as
a result of the movement of the second metal toward the
surface of the alloy particle,

(2) subsequently conducting heat treatment so as to join the
core portion containing, as the main component, the first
metal with the shell portion containing, as the main compo-
nent, the metal oxide containing the second metal, and

(3) subsequently decreasing a temperature to form a pore in
the shell portion by shrinking the core portion containing, as
the main component, the first metal more significantly than
the shell portion containing, as the main component, the
metal oxide containing the second metal.

Any of the step of forming the discharge auxiliary elec-
trode and the step of forming the first discharge electrode and
the second discharge electrode may be performed earlier.

The alloy powder is preferably produced by using an atom-
izing method. The composition ofan alloy is easily controlled
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by employing an atomizing method. The inventor of the
present invention has found that the thickness of the shell
portion formed of a metal oxide containing the second metal
can be controlled in the firing step by changing the composi-
tion ratio of the first metal and the second metal that constitute
an alloy. It has also been found that the thickness of the shell
portion formed of a metal oxide containing the second metal
can be controlled by changing the particle size of metal par-
ticles that constitute an alloy powder.

In a preferred embodiment of the method for producing an
ESD protection device according to the present invention, the
step of preparing an insulator base may include a step of
preparing a plurality of ceramic green sheets including a first
ceramic green sheet and a second ceramic green sheet. In this
case, the step of forming an unfired discharge auxiliary elec-
trode and the step of forming a first discharge electrode and a
second discharge electrode may be performed on the first
ceramic green sheet. In this preferred embodiment, the
method may further include the steps of forming a thermally
removable layer so as to cover a gap between the first dis-
charge electrode and the second discharge electrode; obtain-
ing an unfired insulator base by stacking the second ceramic
green sheet on the first ceramic green sheet so as to cover the
unfired discharge auxiliary electrode, the first discharge elec-
trode, the second discharge electrode, and the thermally
removable layer; and forming, on surfaces of the insulator
base, a first outer terminal electrode and a second outer ter-
minal electrode that are respectively electrically connected to
the first discharge electrode and the second discharge elec-
trode. In the step of firing the unfired discharge auxiliary
electrode, the insulator base is obtained by sintering the
ceramic green sheets and the thermally removable layer is
removed by being burnt away.

According to the ESD protection device of the present
invention, metal particles that constitute a discharge auxiliary
electrode are completely or substantially completely covered
with a shell portion containing a metal oxide as a main com-
ponent. Accordingly, even when a static electricity is repeat-
edly applied, degradation of characteristics does not easily
occur and insulation reliability during discharge can be
increased. In addition, even when the content of the metal
particles is increased, short-circuit between the metal par-
ticles does not easily occur. Thus, discharge occurs more
easily by increasing the content of the metal particles. Con-
sequently, the peak voltage can be decreased.

Since the shell portion of the metal particles that constitute
the discharge auxiliary electrode has a pore, the shell portion
has a small thickness in the periphery of the pore. Thus,
discharge can be started by applying a relatively low ESD
voltage.

Accordingly, the ESD protection device of the present
invention can be widely used for protecting various appara-
tuses or devices such as a semiconductor device.

According to the method for producing an ESD protection
device of the present invention, in the firing step, heat treat-
ment is conducted in an atmosphere having an oxygen con-
centration at which a first metal is not oxidized and a second
metal is oxidized. By this heat treatment, in each of the metal
particles that constitutes an alloy powder, the second metal is
oxidized at the time when the second metal is precipitated on
the surface of the metal particle. Consequently, a shell portion
containing, as a main component, a metal oxide containing
the second metal is formed, and a core portion formed of the
first metal that is left as a result of the movement of the second
metal toward the surface of the metal particle is formed.
Therefore, a metal particle that is substantially completely
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covered with the shell portion containing the metal oxide as a
main component can be easily obtained.

Furthermore, after the heat treatment, heat treatment for
joining the core portion containing, as a main component, the
first metal to the shell portion containing, as a main compo-
nent, a metal oxide containing the second metal is further
conducted. Subsequently, the temperature is decreased so as
to form a pore in the shell portion by shrinking the core
portion containing, as the main component, the first metal
more significantly than the shell portion containing, as the
main component, the metal oxide containing the second
metal. Therefore, metal particles including a shell portion
having a pore can be easily obtained.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG.1is a cross-sectional view showing an ESD protection
device 11 according to an embodiment of the present inven-
tion.

FIG. 2 is an enlarged cross-sectional view showing a plu-
rality of metal particles 24 constituting a discharge auxiliary
electrode 18 shown in FIG. 1.

FIG. 3 is a cross-sectional view that schematically shows
the behavior of aluminum (Al), which serves as a second
metal generated in a firing step, in an alloy particle 25 pre-
pared for obtaining a metal particle 24 shown in FIG. 2.

FIG. 4 illustrates a step of producing an ESD protection
device 42 prepared in an experimental example and is a plan
view showing a state where an unfired discharge auxiliary
electrode 32 is formed on a first ceramic green sheet 31.

FIG. 5 illustrates a step of producing an ESD protection
device 42 prepared in an experimental example and is a plan
view showing a state where, after the step shown in FIG. 4, an
unfired first discharge electrode 33 and an unfired second
discharge electrode 34 are formed.

FIG. 6 illustrates a step of producing an ESD protection
device 42 prepared in an experimental example and is a plan
view showing a state where, after the step shown in FIG. 5, an
unfired thermally removable layer 35 is formed.

FIG. 7 illustrates a step of producing an ESD protection
device 42 prepared in an experimental example and is a cross-
sectional view showing a state where, after the step shown in
FIG. 6, a second ceramic green sheet 36 is stacked.

FIG. 8 illustrates a step of producing an ESD protection
device 42 prepared in an experimental example and is a cross-
sectional view showing a state where, after the step shown in
FIG. 7, unfired outer terminal electrodes 38 and 39 are
formed.

FIG. 9 is a graph showing a firing profile used in a firing
step conducted after the step shown in FIG. 8 and in an
experimental example.

FIG. 10 is a cross-sectional view showing a completed
ESD protection device 42 produced by conducting the firing
step in an experimental example.

FIG. 11 is a photograph showing a cross-sectional scan-
ning transmission electron microscope (STEM) image of a
part of a discharge auxiliary electrode included in an ESD
protection device of Sample 6 prepared in an experimental
example.

FIG. 12 illustrates a problem that may occur in the tech-
nology described in Patent Document 2 and is a cross-sec-
tional view that schematically shows the state of a conductive
material 1 and an inorganic material 2 after firing.

DETAILED DESCRIPTION OF THE INVENTION

An ESD protection device 11 according to an embodiment
of the present invention will be described with reference to
FIG. 1.
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An ESD protection device 11 includes an insulator base 12.
The insulator base 12 is composed of a low-temperature
co-fired ceramic (LTCC) such as a glass ceramic, a high-
temperature co-fired ceramic (HTCC) such as aluminum
nitride or alumina, or a magnetic ceramic such as ferrite. The
insulator base 12 has a layered structure including at least an
upper layer portion 13 and a lower layer portion 14.

A first discharge electrode 16 and a second discharge elec-
trode 17 are provided inside the insulator base 12 and between
the upper layer portion 13 and the lower layer portion 14. The
first discharge electrode 16 and the second discharge elec-
trode 17 are arranged so as to face each other with a prede-
termined gap G therebetween. A discharge auxiliary elec-
trode 18 is also provided inside the insulator base 12 and
between the upper layer portion 13 and the lower layer por-
tion 14 so as to span between the first discharge electrode 16
and the second discharge electrode 17. The portion where the
gap G in the insulator base 12 is located forms a cavity 19.

A first outer terminal electrode 20 and a second outer
terminal electrode 21 are formed on outer surfaces of the
insulator base 12. The first outer terminal electrode 20 and the
second outer terminal electrode 21 are electrically connected
to the first discharge electrode 16 and the second discharge
electrode 17, respectively.

In this ESD protection device 11, as shown in FIG. 2, the
discharge auxiliary electrode 18 is constituted by an aggre-
gate of a plurality of metal particles 24 having a core-shell
structure including a core portion 22 containing, as a main
component, a first metal and a shell portion 23 containing, as
a main component, a metal oxide containing a second metal.
In this manner, when the metal particles 24 constituting the
discharge auxiliary electrode 18 each have a core-shell struc-
ture and are completely or substantially completely covered
with the shell portion 23 containing a metal oxide as a main
component, insulation reliability during discharge can be
increased. It should be noted that the shell portion 23 is not in
a state where fine particles are gathered but is formed in the
form of a film, as shown in FIG. 2.

In the metal particles 24, a portion that is not covered with
the shell portion 23 containing a metal oxide as a main com-
ponent may be slightly present as long as the insulation reli-
ability is not substantially impaired. It is defined that the
“core-shell structure” in the present invention is achieved
when a ratio L.2/1.1 is 75% or more where L1 represents the
length of the entire circumference of the core portion 22 of a
metal particle 24 and L2 represents the length of the circum-
ference of the core portion 22 covered with the shell portion
23.

Pores 26 are formed in at least part of the shell portion 23.
When the pores 26 are present in the shell portion 23 in this
manner, the shell portion 23 has a small thickness in the
periphery of the pores 26. Therefore, discharge can be started
by applying a relatively low ESD voltage.

Preferably, in the core portion 22, a large number of por-
tions each having a depression 28 with a shape that receives a
pore 26 are present in the vicinity of pores 26. When the
depression 28 is present, electric charges are easily concen-
trated on the portion of the depression 28. Consequently,
discharge easily occurs to improve discharge characteristics.
In particular, a lower peak voltage can be realized. In many
positions, a wall surface 29 on the core portion 22 side, the
wall surface 29 defining the pore 26, has a shape that is
substantially along a wall surface 30 that defines the outer
circumference of the core portion 22. This means that the pore
26 should be distinguished from a gap that is present between
the metal particles 24.
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In the discharge auxiliary electrode 18, the plurality of
metal particles 24 are bound to each other with a glass-
containing substance 27. With this structure, degradation of
the peak voltage characteristics after drop impact can be
suppressed.

A method for forming the pore 26 and a method for pro-
ducing the glass-containing substance 27 will become clear in
the description of a method for producing an ESD protection
device 11 described below.

As is apparent from the experimental examples described
below, the thickness of the shell portion is preferably 50 to
1,500 nm. In this case, not only high insulation reliability but
also good discharge characteristics, in particular, a lower peak
voltage can be realized. Probably, it is believed that when the
thickness of the shell portion is less than 50 nm, the thickness
of the insulating film is small, and thus the shell portion is
partially broken by an impact generated at the time of the
application of an ESD or the first metal component of the core
portion is diffused into the shell portion, thereby degrading
the insulating property of the shell portion. It is believed that
when the thickness of the shell portion exceeds 1,500 nm, the
thickness of the insulating film is large, and thus the amount
of creeping discharge at the time of application of an ESD
decreases.

When a metal that is more susceptible to oxidation than the
first metal is used as the second metal, a plurality of the metal
particles 24 having a core-shell structure including the core
portion 22 containing, as a main component, the first metal
and the shell portion 23 containing, as a main component, a
metal oxide that contains the second metal can be easily
obtained by using a production method described below.

For example, copper or a copper-based alloy containing
copper as a main component is used as the first metal. When
copper or a copper-based alloy is used as the first metal, for
example, aluminum, nickel, bismuth, gallium, germanium,
indium, magnesium, phosphorus, silicon, or tin can be used as
the second metal. When copper or a copper-based alloy is
used as the first metal and the discharge auxiliary electrode 18
is co-fired with the insulator base 12, the insulator base 12 is
preferably composed of an LTCC.

Besides the above metals, silver, aluminum, molybdenum,
tungsten, or the like can also be used as the first metal. In any
case, a metal that is more susceptible to oxidation than the
first metal is selected as the second metal.

As described above, a metal that is more susceptible to
oxidation than the first metal is selected as the second metal.
The metal oxide containing the second metal is particularly
preferably at least one selected from aluminum oxide, silicon
oxide, magnesium oxide, and nickel oxide. This is because
these oxides have high insulating properties and thus insula-
tion reliability during discharge can be further improved.

The ESD protection device 11 is produced, for example, as
follows.

First, a plurality of ceramic green sheets which are to
become an insulator base 12 are prepared. Among the plural-
ity of ceramic green sheets, a first ceramic green sheet is used
for forming, for example, a lower layer portion 14 of the
insulator base 12, and a second ceramic green sheet is used for
forming an upper layer portion 13 of the insulator base 12.

An alloy powder used for forming a discharge auxiliary
electrode 18 and composed of an alloy containing a first metal
and a second metal that is more susceptible to oxidation than
the first metal is prepared. This alloy powder is preferably
produced by an atomizing method. The composition of an
alloy is easily controlled by the atomizing method.

Next, an unfired paste film which is to become the dis-
charge auxiliary electrode 18 is formed on the first ceramic
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green sheet so as to have a predetermined pattern by using a
paste containing the alloy powder. For example, SiC may be
incorporated in the paste for forming the discharge auxiliary
electrode 18 in a range that satisfies desired characteristics.

Next, a first discharge electrode 16 and a second discharge
electrode 17 are formed on the paste film serving as the
unfired discharge auxiliary electrode 18 on the first ceramic
green sheet so as to face each other with a predetermined gap
G therebetween. The discharge electrodes 16 and 17 are
formed by, for example, applying a conductive paste.

Next, a thermally removable layer is formed so as to cover
the gap G between the first discharge electrode 16 and the
second discharge electrode 17. The thermally removable
layer is a layer that is removed by being burnt away in a firing
step described below to leave the cavity 19 inside the insulator
base 12. The thermally removable layer is formed by, for
example, using a paste containing resin beads.

The pastes used for forming the discharge auxiliary elec-
trode 18, the first discharge electrode 16, the second discharge
electrode 17, and the thermally removable layer may be
applied either directly onto an object or by using a transfer
method or the like.

Next, asecond ceramic green sheet is stacked and pressure-
bonded on the first ceramic green sheet so as to cover the
unfired discharge auxiliary electrode 18, the first discharge
electrode 16, the second discharge electrode 17, and the ther-
mally removable layer. As a result, an unfired insulator base
12 is obtained.

Next, a first outer terminal electrode 20 and a second outer
terminal electrode 21 are formed on surfaces of the unfired
insulator base 12. The first outer terminal electrode 20 and the
second outer terminal electrode 21 are formed by, for
example, applying a conductive paste.

Next, a firing step is performed. As a result of this firing
step, an insulator base 12 including sintered ceramic green
sheets is obtained, and the discharge electrodes 16 and 17, the
discharge auxiliary electrode 18, and the outer terminal elec-
trodes 20 and 21 are sintered. Furthermore, the thermally
removable layer is removed by being burnt away, and a cavity
19 is formed inside the insulator base 12.

An ESD protection device 11 is produced as described
above.

In performing the firing step, when, in particular, the phe-
nomenon that occurs in each of alloy particles constituting the
alloy powder included in the discharge auxiliary electrode 18
is focused on, the firing step is divided into steps of three
stages, namely, (1) a step of forming a core-shell structure, (2)
a step of joining a core portion and a shell portion, and (3) a
step of forming a pore in the shell portion. Each of the steps
will be described in detail below. In this description, FIG. 9,
which shows a firing profile used in the experimental
examples described below, is referred to, as required.

(1) Step of Forming Core-Shell Structure

This step is performed in an atmosphere having an oxygen
concentration at which the first metal contained in an alloy
powder included in the unfired discharge auxiliary electrode
18 is not oxidized and the second metal is oxidized. This step
corresponds to a temperature-increasing process shown in
[A] of FIG. 9. A purpose of this step is, in each of alloy
particles constituting an alloy powder, to form a core portion
22 containing, as a main component, a first metal by moving
a second metal to the surface of the alloy particle and to form
a shell portion 23 containing, as a main component, a metal
oxide that contains the second metal by oxidizing the second
metal at the time when the second metal reaches the surface.

This step will be described more specifically with refer-
ence to FIG. 3 under the assumption that the first metal
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contained in the alloy is Cu and the second metal contained in
the alloy is Al. FIG. 3 shows a single alloy particle 25 that
forms an alloy powder.

When the firing step proceeds, in the temperature-increas-
ing process shown in [A] of FIG. 9, Alin the alloy particle 25
containing Cu and Al moves toward the surface of the alloy
particle 25, as shown by the arrows, oxidized at the time when
the Al reaches the surface, and changed to Al,O;. Accord-
ingly, a shell portion of the alloy particle 25 is formed by
AL, O;. As is found from this phenomenon, Al which is the
second metal may remain in the core portion of the alloy
particle 25.

As described above, when the alloy powder is produced by
using an atomizing method, the composition of the alloy is
easily controlled. It has been found that, by changing the
composition ratio of the first metal and the second metal that
constitute the alloy, the thickness of the shell portion formed
of a metal oxide containing the second metal can be con-
trolled in the firing step. Accordingly, in order to obtain the
preferable thickness of the shell portion, that is, 50 to 1,500
nm, for example, the composition of the first metal and the
second metal is controlled. It has been also found that, by
changing the particle size of the alloy particle 25, the thick-
ness of the shell portion formed of a metal oxide containing
the second metal can be controlled.

The temperature in this step is not particularly limited, but
the step is preferably performed in the range of 500° C. to
900° C. At atemperature lower than 500° C., the movement of
the second metal component to the surface of an alloy particle
is slow, and a shell portion having a sufficient thickness and
sufficient uniformity may not be formed. On the other hand, at
a temperature higher than 900° C., the movement of the
second metal component to the surface of an alloy particle
becomes nonuniform, and a shell having a sufficient thick-
ness and sufficient uniformity may not be formed.

The oxygen concentration in this step is set to a value at
which the first metal component contained in the alloy par-
ticle is not oxidized and the second metal component is oxi-
dized. The oxygen concentration is not particularly limited as
long as this condition is satisfied. The oxygen concentration
may be adjusted by, for example, mixing of H,/H,O/N,.

When the oxygen concentration is set to a value at which
the first metal component is oxidized, the first metal compo-
nent itself is oxidized and the movement of the second metal
component to the surface of an alloy particle is inhibited.
Consequently, a shell having a sufficient thickness and suffi-
cient uniformity may not be formed. On the other hand, when
the oxygen concentration is set to a value at which both the
first metal component and the second metal component are
not oxidized, a shell having a sufficient thickness and suffi-
cient uniformity may not be formed.

The holding time in this step is preferably set to at least 30
to 800 minutes in the range of 500° C. to 900° C. When the
holding time is shorter than 30 minutes, the movement of the
second metal component to the surface of an alloy particle is
insufficient, and a shell having a sufficient thickness and
sufficient uniformity may not be formed. When the holding
time is longer than 800 minutes, productivity significantly
decreases.

(2) Step of Joining Core Portion and Shell Portion

This step corresponds to a maximum temperature-main-
taining process shown in [B] of FIG. 9. A purpose of this step
is to join a core potion containing, as a main component, the
first metal to a shell portion containing, as a main component,
a metal oxide that contains the second metal.

The temperature in this step is not particularly limited.
However, it is necessary to perform this step at a temperature
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lower than the melting point of the first metal component.
When the temperature in this step is set to a temperature equal
to or higher than the melting point of the first metal compo-
nent, the core portion is melted and the core-shell structure is
thereby broken. Consequently, the ESD protection character-
istics cannot be ensured.

The oxygen concentration in this step is preferably an
oxygen concentration at which the second metal component
is not reduced. More preferably, the oxygen concentration is
set to a value at which the first metal component is not oxi-
dized and the second metal component is oxidized. When the
oxygen concentration is set to a value at which the second
metal component is reduced, the shell portion is broken and
the ESD protection characteristics are degraded. When the
oxygen concentration is set to a value at which the first metal
component is not oxidized and the second metal component is
not reduced, the core portion and the shell portion are joined
to each other, and oxide particles in the shell portion are
moderately sintered to each other and thus a shell having a
pore is easily formed in the subsequent step of forming a pore
in the shell portion. The oxygen concentration may be
adjusted by, for example, mixing of H,/H,O/N,.

The holding time in this step is preferably set to 10 to 300
minutes. When the holding time is shorter than 10 minutes,
the joining of the core portion and the shell portion may not be
ensured. When the holding time is longer than 300 minutes,
metal oxide particles in the shell portion are excessively sin-
tered to each other and thus a shell having a pore is not easily
formed in the subsequent step of forming a pore in the shell
portion.

(3) Step of Forming Pore in Shell Portion

This step corresponds to a temperature-decreasing process
shown in [C] of FIG. 9. A purpose of this step is to form a shell
portion having a pore. In general, a metal has a thermal
expansion coefficient that is larger than that of an oxide. In
this step, the core portion containing a metal as a main com-
ponent is shrunk more significantly than the shell portion
containing an oxide as a main component by utilizing this
property. In this case, only a part of the shell portion, the part
joining to the core portion, shrinks in a state where the part of
the shell portion is joined to the core portion. Accordingly, a
structural break occurs in the shell portion. As a result, a pore
is generated in the shell portion.

The temperature in this step is not particularly limited as
long as the temperature is lower than the temperature in the
(2) step of joining a core portion and a shell portion described
above. Preferably, the temperature is lower than the tempera-
ture in the (2) step of joining a core portion and a shell portion
by 100° C. or more. When the difference in the temperature is
less than 100° C., the amount of shrinkage of the core portion
is small and thus a pore having a sufficient size may not be
formed.

The oxygen concentration in this step is preferably set to a
value at which the second metal component is not reduced.
More preferably, the oxygen concentration is set to a value at
which the first metal component is not oxidized and the sec-
ond metal component is oxidized. When the oxygen concen-
tration is set to a value at which the second metal component
is reduced, the shell portion may be broken and the ESD
protection characteristics are degraded. When the oxygen
concentration is set to a value at which both the first metal
component and the second metal component are oxidized,
oxygen molecules pass through the shell portion to oxidize
the first metal component. Consequently, the shell portion
may be broken by the oxidation expansion of the first metal
component. When the oxygen concentration is set to a value
at which the first metal component is not oxidized and the
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second metal component is not reduced, a shell having a pore
is easily formed. The oxygen concentration may be adjusted
by, for example, mixing of H,/H,O/N,.

The holding time in this step is preferably set to 30 minutes
or longer. When the holding time is shorter than 30 minutes,
it tends to become difficult to form a shell portion having a
pore.

As a result of the firing step described above, preferably, a
state where a plurality of metal particles 24 are bound to each
other with a glass-containing substance 27 is obtained in the
discharge auxiliary electrode 18. This glass-containing sub-
stance 27 is generated, for example, as follows.

Specifically, in the case where the insulator base 12 con-
tains a glass-containing substance, for example, in the case
where the insulator base 12 is composed of a low-temperature
co-fired ceramic (LTCC) such as a glass ceramic, in the firing
step, the glass-containing substance 27 is diffused into the
discharge auxiliary electrode 18 so as to form a state where
the plurality of metal particles 24 are bound to each other with
the glass-containing substance 27.

Instead of the above method or in addition to the above
method, at least one of the methods described below may be
employed.

The state where the plurality of metal particles 24 are
bound to each other with the glass-containing substance 27
can be obtained by employing, for example, a method in
which glass itself is incorporated in the unfired discharge
auxiliary electrode 18 in advance, a method in which a sub-
stance that generates glass during firing is incorporated in the
unfired discharge auxiliary electrode 18 in advance, a method
in which glass is generated by a reaction with the shell portion
23 during firing, or a method in which part of an oxide
containing the second metal, the oxide serving as a main
component of the shell portion 23, is changed to an amor-
phous component during firing.

Furthermore, modifications described below may be made
within the scope of the present invention.

In the embodiment shown in the figure, the discharge elec-
trodes 16 and 17 and the discharge auxiliary electrode 18 are
disposed inside the insulator base 12. Alternatively, the dis-
charge electrodes 16 and 17 and the discharge auxiliary elec-
trode 18 may be disposed on an outer surface of an insulator
base.

Even in the case where the discharge electrodes 16 and 17
and the discharge auxiliary electrode 18 are disposed inside
the insulator base 12, the cavity 19 is not necessarily formed.

In the production method described above, the firing for
sintering the discharge electrodes 16 and 17 and the discharge
auxiliary electrode 18 and the firing for sintering the insulator
base 12 are performed at the same time. Alternatively, an
insulator base composed of a sintered ceramic may be pre-
pared in advance, and discharge electrodes and a discharge
auxiliary electrode may be formed on the insulator base.

Next, experimental examples that were conducted in order
to confirm the effects of the present invention will be
described.

Experimental Example 1
Preparation of Evaluation Samples
(1) Preparation of Ceramic Green Sheets
Materials containing Ba, Al, and Si as main components

were prepared as ceramic materials. The materials were
mixed so as to have a predetermined composition, and cal-
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cined at 800° C. to 1,000° C. The resulting calcined powder
was pulverized with a zirconia ball mill for 12 hours to pre-
pare a ceramic powder.

Next, an organic solvent containing toluene and Ekinen
was added to the ceramic powder, and the organic solvent and
the powder were mixed. Subsequently, a binder and a plasti-
cizer were further added thereto, and the resulting mixture
was again mixed to prepare a slurry.

Next, the slurry was formed by a doctor blade method to
prepare ceramic green sheets each having a thickness of 50
um. One of the ceramic green sheets prepared in this step is
shown as a ceramic green sheet 31in FIGS. 410 8, and another
one of the ceramic green sheets is shown as a ceramic green
sheet 36 in FIGS. 7 and 8.

(2) Preparation of Paste for Discharge Auxiliary Electrode

TABLE 1

Composition Particle size

Paste Type of (mol %) distribution (um)

symbol metal Cu Al Ni D10 D50 D90

P-1 Cu—Al-based 95 5 — 1.2 2.5 5.4
alloy

P-2 Cu—Al-based 80 20 — 1.2 2.5 5.4
alloy

P-3 Cu—Al-based 60 40 — 1.2 2.5 5.1
alloy

P-4 Cu—Al-based 90 10 — 0.8 1.3 2.6
alloy

P-5 Cu—Al-based 50 50 — 0.8 1.3 2.6
alloy

P-6 Cu—Al-based 63 — 37 1.2 2.5 5.2
alloy

P-7 Cu-based 100 @ — — 1.2 2.3 5.4

Pastes P-1 to P-7 for discharge auxiliary electrodes, the
pastes containing the metal powders shown in Table 1, were
prepared.

More specifically, each of the metal powders composed of
an alloy or a metal shown in the column of “type of metal” in
Table 1 was prepared by an atomizing method. The “particle
size distribution” shown in Table 1 was determined by a laser
diffraction particle size distribution method. The “composi-
tion” shown in Table 1 was determined by an inductively
coupled plasma atomic emission spectrometry (ICP-AES).

An organic vehicle was prepared by dissolving an Ethocel
resin having a weight-average molecular weight of 5x10* and
an alkyd resin having a weight-average molecular weight of
8x10? in terpineol. In the organic vehicle, the content of the
Ethocel resin was 9.0% by weight, the content of the alkyd
resin was 4.5% by weight, and the content of terpineol was
86.5% by weight.

Next, the metal powder and the organic vehicle were pre-
pared so that the volume ratio was 14:86, and the resulting
mixture was subjected to a dispersion treatment with a three-
roll mill. Thus, the pastes P-1 to P-7 for discharge auxiliary
electrodes were prepared.

TABLE 2
Composition Particle size
Paste (wt %) distribution (um)
symbol Type of metal Cu  ALO; D10 D50 D90
P-8 Cu coated with 95 5 2.3 2.8 3.9

Al,O5-based
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In addition, a paste P-8 for a discharge auxiliary electrode
was prepared as a comparative example as follows. As shown
in the column of “type of metal” in Table 2, a metal powder
obtained by coating a copper powder, which was prepared by
awet synthesis method, with a nano-sized alumina powder by
a mechano-fusion method was prepared. This metal powder
and an organic vehicle the same as that used in the pastes
shown in Table 1 were prepared so that the volume ratio was
14:86, and the resulting mixture was subjected to a dispersion
treatment with a three-roll mill. Thus, the paste P-8 for a
discharge auxiliary electrode was prepared.

The “particle size distribution” and the “composition”
shown in Table 2 were determined by the same methods as
those used in the pastes shown in Table 1.

(3) Preparation of Paste for Discharge Electrode

First, 40% by weight of a Cu powder having an average
particle size of 1 um, 40% by weight of a Cu powder having
an average particle size of 3 um, and 20% by weight of an
organic vehicle prepared by dissolving ethyl cellulose in ter-
pineol were prepared, and the resulting mixture was mixed
with a three-roll mill. Thus, a paste for a discharge electrode
was prepared.

(4) Preparation of Resin Beads Paste for Thermally
Removable Layer

A resin beads paste was prepared in order to form a ther-
mally removable layer that is removed by being burnt away
during firing to become a cavity. First, 38% by weight of
cross-linked acrylic resin beads having an average particle
size of 1 pm and 62% by weight of an organic vehicle pre-
pared by dissolving ethyl cellulose in dihydro terpinyl acetate
were prepared, and the resulting mixture was mixed with a
three-roll mill. Thus, a resin beads paste for a thermally
removable layer was prepared.

(5) Preparation of Paste for Outer Terminal Electrode

First, 80% by weight of a Cu powder having an average
particle size of about 1 um, 5% by weight of alkali borosili-
cate glass frit having a transition point of 620° C. and a
softening point of 720° C. and an average particle size of
about 1 um, and 15% by weight of an organic vehicle pre-
pared by dissolving ethyl cellulose in terpineol were pre-
pared, and the resulting mixture was mixed with a three-roll
mill. Thus, a paste for an outer terminal electrode was pre-
pared.

(6) Printing of Each Paste

First, as shown in FIG. 4, a paste for a discharge auxiliary
electrode was applied onto a main surface of a ceramic green
sheet 31 to form an unfired discharge auxiliary electrode 32
having dimensions of 150 pmx100 pm. In this step, as the
paste for a discharge auxiliary electrode, one of the pastes P-1
to P-8 for discharge auxiliary electrodes shown in Tables 1
and 2 was used as shown in the column of “symbol of paste for
discharge auxiliary electrode” in Tables 3 and 4.

Subsequently, the paste for a discharge electrode was
applied onto the main surface of the ceramic green sheet 31 so
as to partially overlap with the unfired discharge auxiliary
electrode 32. Thus, an unfired first discharge electrode 33 and
an unfired second discharge electrode 34 were formed as
shown in FIG. 5. The unfired first discharge electrode 33 and
the unfired second discharge electrode 34 face each other with
a gap G of 20 um therebetween on the unfired discharge
auxiliary electrode 32. A width W of the facing portion was
100 um. Dimensions of other portions are also shown in FIG.
5.

Next, as shown in FIG. 6, the resin beads paste for a
thermally removable layer was applied so as to cover the gap
G between the unfired first discharge electrode 33 and the

15

25

35

40

45

14

unfired second discharge electrode 34. Thus, an unfired ther-
mally removable layer 35 having dimensions of 140 pumx150
um was formed.

(7) Stacking and Pressure-Bonding

As shown in FIG. 7, a plurality of second ceramic green
sheets 36 onto which no paste was applied were stacked and
pressure-bonded on the main surface of the first ceramic
green sheet 31 on which the unfired discharge auxiliary elec-
trode 32, the unfired discharge electrodes 33 and 34, and the
unfired thermally removable layer 35 were formed as
described above. Thus, an unfired insulator base 37 was pre-
pared. The insulator base 37 was formed so as to have a
thickness after firing of 0.3 mm.

(8) Cutting and Printing of Paste for Outer Electrode

The insulator base 37 was cut with a micro-cutter so as to
have planar dimensions of 1.0 mmx0.5 mm after firing. It
should be understood that the dimensions shown in FIG. 5and
the outer shapes of the ceramic green sheet 31 etc. shown in
FIGS. 4 to 7 are dimensions and shapes after this cutting step.

Subsequently, as shown in FIG. 8, the paste for an outer
electrode was applied onto outer surfaces of the insulator base
37, thereby forming an unfired first outer terminal electrode
38 and an unfired second outer terminal electrode 39 that were
respectively connected to the first discharge electrode 33 and
the second discharge electrode 34. Thus, an unfired ESD
protection device 40 was prepared.

(9) Firing

The unfired ESD protection device 40 was fired with the
firing profile shown in FIG. 9 to obtain an ESD protection
device 42 having a cavity portion 41 and shown in FIG. 10.

In the firing, the atmosphere in a firing furnace was con-
trolled by changing the ratio of N,/H,/H,O such that the
oxygen concentrations in the [A] step of forming a core-shell
structure, the [B] step of joining a core portion and a shell
portion, and the [C] step of forming a pore in a shell portion
shown in FIG. 9 became oxygen concentrations at which a
metal or an oxide shown in each of the columns of [A], [B],
and [C] in the “firing condition” of Tables 3 and 4 was in a
stable state.

Sample 1 will be described as an example. In the [A]“step
of forming core-shell structure”, the oxygen concentration is
set to a value at which Cu is stable in the state of “Cu” and Al
is stable in the state of “Al,0,”. In the [B]“step of joining core
portion and shell portion™, the oxygen concentration is set to
a value at which Cu is stable in the state of “Cu” and Al is
stable in the state of “Al,0;”. In the [C]“step of forming pore
in shell portion”, the oxygen concentration is set to a value at
which Cu is stable in the state of “Cu” and Al is stable in the
state of “Al,0;”.

An oxygen partial pressure at which each metal used in the
discharge auxiliary electrode is oxidized at a temperature T
(K) was calculated by the following formulae.

#I0(Clipg)>{~338904+(-33TlogT)+247T}/(8.314T)
#In(Alpoo)>{-1117993+(~11TlogT)}+244T}/(8.314T)

*In(Nipo)>{-489110+197T}/(8.314T)

<Characteristic Evaluation>

Next, characteristics of the ESD protection device samples
prepared as described above were examined by the methods
described below.

(1) Structural Characteristics of Metal Particles Contained
in Discharge Auxiliary Electrode

Each of the ESD protection devices was embedded in an
epoxy resin, and the epoxy resin was cured. After curing, an
LT surface defined by a side extending in a longitudinal
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direction and a side extending in a thickness direction was
exposed by polishing. The polishing was performed until a
surface at a position located halfway through in a width
direction was exposed. Subsequently, a focused ion beam
(FIB) process was performed on a discharge auxiliary elec-
trode exposed by the polishing.

For the discharge auxiliary electrode sampled by the FIB
process, observation with a scanning transmission electron
microscope (STEM) and analysis of metals and oxygen with
an energy-dispersive X-ray spectrometer (EDS) were con-
ducted. The STEM observation was conducted with an accel-
erating voltage of 5 kV at a magnification of 5,000 and
25,000. From the STEM observation and the EDS analysis,

whether or not metal particles in the discharge auxiliary
electrode were core-shell structured metal particles having a
shell portion composed of a metal oxide,

whether or not metal particles in the discharge auxiliary
electrode had pores in a shell portion, and

whether or not core-shell structured metal particles were
bound to each other with a glass-containing substance

were determined for metal particles in the discharge aux-
iliary electrode.

In the column of “core-shell structure™ in Tables 3 and 4, a
sample in which a shell portion composed of a metal oxide
was observed is denoted by “O”, and a sample in which a
shell portion composed of a metal oxide was not observed is
denoted by “x”. The criteria of “O” and “x” as to the “core-
shell structure” were defined as described above. Specifically,
when the length of the entire circumference of the core por-
tion of a metal particle is represented by [.1 and the length of
the circumference of the core portion covered with the shell
portion is represented by 1.2, a sample having a ratio L2/I.1 of
75% or more is determined as “O” and a sample having a
ratio L2/L1 of less than 75% is determined as “x”.

For samples in which a shell portion composed of a metal
oxide was observed, the presence or absence of a pore in the
shell portion was examined, the type of metal oxide was
analyzed, and the thickness of the shell portion was calculated
by image analysis. These results are respectively shown in the
columns of “presence or absence of pore”, “type of metal
oxide”, and “thickness” in the “shell portion” in Tables 3 and
4. Regarding the “presence or absence of pore”, in the field of
view of the SEM observation, when a pore in a shell portion
was observed in at least two metal particles, it is determined
that a pore is present and this result is denoted by “O”.
Referring to the column of “presence or absence of pore”, itis
found that a pore was present in all samples in which a shell
portion was observed.

Furthermore, whether or not a plurality of metal particles in
the discharge auxiliary electrode were bound to each other
with a glass-containing substance was examined. Specifi-
cally, a joined portion that was present between a specific
metal particle and a metal particle adjacent to the specific
metal particle was analyzed with an electron diffractograph.
When an electron diffraction pattern was not observed, it was
determined that the metal particles were bound to each other
with a glass-containing substance. In the column of “binding
property with glass-containing substance” in Tables 3 and 4,
when it was determined that the metal particles were bound to
each other with a glass-containing substance, this result is
denoted by “O~. When it was determined that the metal
particles were not bound to each other with a glass-containing
substance, this result is denoted by “x”.

In Tables 3 and 4, for all samples, “O” is inserted in the
column of “presence or absence of glass-containing sub-
stance”. Symbol “x” appears in Table 5 below.
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(2) Initial Short-Circuit Characteristics

An insulation resistance was measured by applying a DC
voltage of 50V between the outer terminal electrodes of each
of the ESD protection device samples. When the insulation
resistance was 10%Q or more, it was determined that initial
short-circuit characteristics were good. This result is denoted
by “O in the column of “initial short-circuit” in Tables 3 and
4. When the insulation resistance was less than 10°Q, it was
determined that initial short-circuit characteristics were not
good. This result is denoted by “x” in the column of “initial
short-circuit”.

Regarding ESD protection devices whose initial short-cir-
cuit characteristics were not good, it was determined that the
ESD protection devices could not be provided for practical
use, and subsequent characteristic evaluations (short-circuit
resistance, peak voltage characteristics, and peak voltage
characteristics after drop impact) were not performed.

(3) Short-Circuit Resistance

For each of the ESD protection device samples, application
of 02 kV 10 times—application of 04 kV 10
times—application of 0.6 kV 10 times—application of 1 kV
10 times—application of 2 kV 10 times—application of 4kV
10 times were sequentially performed. The insulation resis-
tance of the sample was measured in each application. When
a measured resistance of less than 10°Q was not obtained
even once, it was determined that short-circuit resistance was
good. This result is denoted by “O” in the column of “short-
circuit resistance”. When a resistance of less than 10°Q was
measured at least once, it was determined that short-circuit
resistance was not good. This result is denoted by “x” in the
column of “short-circuit resistance”.

(4) Peak Voltage Characteristics

A static electricity of 8 kV was applied to each of the ESD
protection device samples by using an electrostatic test gun. A
voltage measured with an oscilloscope at that time was
defined as a peak voltage (V). When the peak voltage
(Vpear1) was less than 400V, it was determined that peak
voltage characteristics were excellent. This result is denoted
by “©” in the column of “peak voltage” in Tables 3 and 4.
When the peak voltage (V,,.+,) was 400 V or more and less
than 700V, it was determined that peak voltage characteristics
were better. This result is denoted by “O in the column of
“peak voltage”. When the peak voltage (V,,,,) was 700V or
more, it was determined that peak voltage characteristics
were not good. This result is denoted by “x” in the column of
“peak voltage”.

In Tables 3 and 4, regarding the “peak voltage”, no sample
was determined as “O”.

(5) Peak Voltage Characteristics after Drop Impact

For the ESD protection device samples which were deter-
mined that the peak voltage characteristics are good, each of
the samples was vertically dropped from a height of 1.8 m 50
times. Subsequently, as in the case of the measurement of the
peak voltage (V. ), a static electricity of 8 kV was applied
to the ESD protection device sample by using an electrostatic
test gun, and a voltage measured with an oscilloscope at that
time was defined as a peak voltage (V,,..+,) after drop impact.

AratioV,, 15/V,op 0f this V1, to the V., was deter-
mined. When the relationship “1.00=V,,,1>/V, 001=1.257
was satisfied, it was determined that the peak voltage charac-
teristics after drop impact were excellent, and “©” is inserted
in the column of “peak voltage after drop impact™ in Tables 3
and 4. When the relationship “1.25<V,_ 1./V,.1,<1.50” was
satisfied, it was determined that the peak voltage characteris-
tics after drop impact were better, and “©” is inserted in the
column of “peak voltage after drop impact”. When the rela-

tionship “V,.40/V pear>1.50” was satisfied, it was deter-
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mined that the peak voltage characteristics after drop impact
were degraded, and “x” is inserted in the column of “peak
voltage after drop impact”.

In Tables 3 and 4, there is no sample for which “O©” is
inserted in the column of “peak voltage after drop impact”.
Symbol “©” appears in Table 5 below.

(6) Comprehensive Evaluation

In the evaluations of the “initial short-circuit”, the “short-
circuit resistance”, the “peak voltage”, and the “peak voltage
after drop impact”, among samples evaluated as “O” in the
“initial short-circuit” and the “short-circuit resistance”, for
samples evaluated as “©” in both the “peak voltage” and the
“peak voltage after drop impact”, “©” is inserted in the col-
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umn of “comprehensive evaluation” in Tables 3 and 4, and for
samples evaluated as “©” in one of the “peak voltage” and the
“peak voltage after drop impact” and “O” in the other, “O~
is inserted in the column of “comprehensive evaluation”. In
the evaluations of the “initial short-circuit”, the “short-circuit
resistance”, the “peak voltage”, and the “peak voltage after
drop impact”, for samples evaluated as “x” in at least one of
these evaluation items, “x” is inserted in the column of “com-
prehensive evaluation”.

In Tables 3 and 4, there is no sample for which “O” is
inserted in the column of “comprehensive evaluation”. Sym-
bol “O” appears in Table 5 below.

TABLE 3

Firing condition

Characteristic evaluation

[A] [B] [C] Shell portion
Symbol of paste  Step of forming  Step of joining  Step of forming  Core- Presence or  Type of
Sample for discharge core-shell core portion and ~ pore in shell shell absence of  metal Thickness
No. auxiliary electrode structure shell portion portion structure pore oxide (nm)
1 P-1 Cu Cu Cu O O ALO; 50 to 300
AlLO; Al O, AlL,O,
2 P-1 Cu Cu Cu,0 O O ALO; 50 to 300
ALO; AlLO, Al,O,
3 P-1 Cu Cu,O Cu O O ALO; 50 to 300
ALO; AlLO, Al,O,
4 P-1 Cu Cu,O Cu,0 O O AlLO; 50 to 300
ALO; AlLO, Al,O,
*5 P-1 Cu,O Cu,O Cu,0 X — —
ALO; AlLO, Al,O,
6 P-2 Cu Cu Cu O O ALO; 100 to 1000
AlLO; Al O, AlL,O,
7 P-3 Cu Cu Cu O O ALO; 200 to 1500
AlLO; Al O, AlL,O,
8 P-4 Cu Cu Cu O O ALO; 20 to 150
ALO; AlLO, Al,O,
9 P-5 Cu Cu Cu O O ALO; 100 to 1000
ALO; AlLO, Al,O,
10 P-6 Cu Cu Cu O O NiO 100 to 1000
NiO NiO NiO
11 P-6 Cu Cu Cu,0 O O NiO 100 to 1000
NiO NiO NiO
12 P-6 Cu Cu,O Cu O O NiO 100 to 1000
NiO NiO NiO
13 P-6 Cu Cu,O Cu,0 O O NiO 100 to 1000
NiO NiO NiO
Characteristic evaluation
Presence or absence  Initial Short- Peak voltage
Sample of glass-containing  short- circuit Peak after drop Comprehensive
No. substance circuit resistance voltage impact evaluation
1 O O O © © ©
2 O O O © © ©
3 O O O © © ©
4 O O O © © ©
*5 O O O X — X
6 O O O © © ©
7 O O O © © ©
8 O O O © © ©
9 O O O © © ©
10 O O O © © ©
11 O O O © © ©
12 O O O © © ©
13 O O O © © ©
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TABLE 4
Firing condition Characteristic evaluation
[A] [B] [C] Shell portion
Symbol of paste  Step of forming  Step of joining  Step of forming  Core- Presence or  Type of
Sample for discharge core-shell core portion and  pore in shell shell absence metal  Thickness
No. auxiliary electrode structure shell portion portion structure of pore oxide (um)
*14 P-6 Cu Cu Cu X — — —
Ni Ni Ni
*15 P-6 Cu Cu Cu X — — —
NiO Ni Ni
*16 P-6 Cu Cu Cu X — — —
NiO NiO Ni
*17 P-6 Cu Cu Cu X — — —
NiO Ni NiO
*18 P-7 Cu Cu Cu X — — —
*19 P-7 Cu Cu Cu,0 X — — —
*20 P-7 Cu Cu,O Cu,0 X — — —
*21 P-7 Cu,0 Cu,O Cu,0 X — — —
*22 P-8 Cu Cu Cu X — — —
ALO; AlLO, AlLO,
*23 P-8 Cu Cu Cu,0 X — — —
AlLO; Al O, Al O,
*24 P-8 Cu Cu,O Cu X — — —
ALO; AlLO, AlLO,
*25 P-8 Cu Cu,O Cu,0 X — — —
AlLO; Al O, Al O,
Characteristic evaluation
Presence or absence  Initial Short- Peak voltage
Sample of glass-containing  short- circuit Peak after drop Comprehensive
No. substance circuit resistance voltage impact evaluation
*14 O X — — X
*15 O X — — — X
*16 O X — — — X
*17 O X — — X
*18 O X — — — X
*19 O O O X — X
*20 O O O X — X
*21 O O O X — X
*22 O X — — — X
*23 O O O X — X
*24 O X — — — X
*25 O O O X — X

In Tables 3 and 4, the numbers of samples that are out of the
scope of the present invention are marked with symbol *.

In the ESD protection devices of Samples 1 to 4 and
Samples 6 to 13, all of which are within the scope of the
present invention, the structure of metal particles in the dis-
charge auxiliary electrode is a core-shell structure including a
shell portion composed of a metal oxide. Accordingly, these
ESD protection devices had excellent ESD protection char-
acteristics (initial short-circuit characteristics, short-circuit
resistance, peak voltage characteristics, and peak voltage
characteristics after drop impact).

FIG. 11 is a photograph showing a cross-sectional scan-
ning transmission electron microscope (STEM) image of a
part of the discharge auxiliary electrode included in the ESD
protection device of Sample 6, which is within the scope of
the present invention. FIG. 2 described above is a view pre-
pared by tracing the outline of FIG. 11. Accordingly, FIG. 11
will be described using the same reference numerals as those
used in FIG. 2. In the discharge auxiliary electrode shown in
FIG. 11, an aggregate of a plurality of metal particles 24
having a core-shell structure including a core portion 22 and
a shell portion 23 is observed. In at least part of the shell
portion 23, the presence of pores 26 is confirmed. It is con-
firmed that, in the core portion 22, a large number of portions
each having a depression 28 having a shape that receives a

45

50

55

pore 26 are present in the vicinity of the pores 26. It is also
confirmed that the plurality of metal particles 24 are bound to
each other with a glass-containing substance 27.

In order to clarify the core-shell structure of metal particles
in a discharge auxiliary electrode of a sample within the scope
of'the present invention, a structural analysis before and after
the firing was conducted on the basis of an STEM image, an
EDS (energy-dispersive X-ray spectrometer) image, etc. for
metal particles in Sample 6 prepared by using a Cu—Al alloy
powder.

According to the analysis, before firing, a clear shell was
not observed on the surfaces of the particles. In addition, a Cu
component and an Al component were present at substan-
tially the same positions. Furthermore, as a result of powder
X-ray diffractometry (XRD), an AlCu; component and a Cu
component were detected.

After firing, a core-shell structure including a shell portion
having pores therein was observed. From the EDS image, it
was confirmed that the core portion contained a Cu compo-
nent as a main component and the shell portion was composed
of'an oxide containing Al as a main component. Furthermore,
as a result of an analysis by XRD, a Cu component was
detected and an Al,O; component was not confirmed. These
results suggested that the shell portion containing an Al com-
ponent as a main component was amorphous (composed of a
glass-containing substance).
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From the above-described structural analysis of the metal
particles, it is believed that the discharge auxiliary electrode
of'samples within the scope of the present invention is formed
of'an aggregate of core-shell metal particles including a shell
portion which contains an Al,O, component as a main com-
ponent and which has pores and a core portion containing a
Cu component as a main component, and that the core-shell
metal particles are bound to each other with a glass-contain-
ing substance in the shell portion.

In contrast, regarding the ESD protection device of Sample
5, which was out of the scope of the present invention, the
peak voltage characteristics were not good. It is believed that
this is because an oxygen concentration at which Cu is oxi-
dized was used in the firing, and thus the electrical conduc-
tivity of the metal particles was significantly decreased.

Regarding the ESD protection devices of Samples 14to 17,
which were out of the scope of the present invention, the
initial short-circuit characteristics were not good because the
structure of the metal particles in the discharge auxiliary
electrode was not the core-shell structure including a shell
portion composed of a metal oxide. The reason for this is
believed that an oxygen concentration at which Ni is not
oxidized or Ni is reduced was used in any of the [A] step of
forming a core-shell structure, the [B] step of joining a core
portion and a shell portion, and the [C] step of forming a pore
in a shell portion in the firing step, and thus a shell portion
composed of NiO was not formed.

In the ESD protection devices of Samples 18 to 21, which
are out of the scope of the present invention, the paste “P-7”
(refer to Table 1) which contained a copper powder rather
than an alloy powder was used as the “paste for a discharge
auxiliary electrode”. Therefore, the structure of metal par-
ticles in the discharge auxiliary electrode could not become a
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electrode could not become a core-shell structure including a
shell portion having a high coating property. Consequently,
initial short-circuit defects or peak voltage defects were gen-
erated. It is believed that the initial short-circuit defects were
generated by reduction of a Cu component, and the peak
voltage defects were generated by oxidation of the Cu com-
ponent.

Experimental Example 2

Experimental Example 2 was performed in order to con-
firm that, in particular, in a discharge auxiliary electrode, a
glass-containing substance that contributes to the binding
between a plurality of metal particles is mainly obtained by
being supplied from an insulator base. In other words, Experi-
mental Example 2 was performed in order to confirm that a
plurality of metal particles are not easily bound to each other
with a glass-containing substance unless the glass-containing
substance is supplied from an insulator base to a discharge
auxiliary electrode.

As shown in Table 5, Sample 26 was prepared by substan-
tially the same method as in the case of Sample 6 prepared in
Experimental Example 1. However, in the preparation of the
ESD protection device of Sample 26, before the unfired dis-
charge auxiliary electrode 32 is formed on the ceramic green
sheet 31 in the step shown in FIG. 4, a sealing layer composed
of a paste containing Al,O; was formed so that the ceramic
green sheet 31 did not directly contact the unfired discharge
auxiliary electrode 32. Except for this, the ESD protection
device of Sample 26 was prepared by the same method as in
the case of Sample 6 prepared in Experimental Example 1.

Characteristics of the ESD protection device of Sample 26
were examined by the same methods as those used in Experi-
mental Example 1. Table 5 shows the results.

TABLE §

Firing condition

Characteristic evaluation

[A] [B] [C] Shell portion
Symbol of paste  Step of forming  Step of joining  Step of forming  Core- Presence or  Type of
Sample for discharge core-shell core portion pore in shell shell absence metal Thickness
No. auxiliary electrode structure and shell portion portion structure of pore oxide (nm)
26 P-2 Cu Cu Cu O O ALO; 100 to 1000
AlLO; Al O, AlL,O,
Characteristic evaluation
Presence or absence  Initial Short- Peak voltage
Sample of glass-containing  short- circuit Peak after drop Comprehensive
No. substance circuit resistance voltage impact evaluation
26 X O O © O O

core-shell structure including a shell portion composed of a

In the ESD protection device of Sample 26, the “presence

metal oxide. Consequently, initial short-circuit defects or o5 or absence of glass-containing substance” was evaluated as

peak voltage defects were generated. It is believed that the
initial short-circuit defects were generated by reduction of a
Cu component, and the peak voltage defects were generated
by oxidation of the Cu component.

In the ESD protection devices of Samples 22 to 25, which
are out of the scope of the present invention, the paste “P-8”
(refer to Table 2) which contained a copper powder coated
with Al,O,, the powder being prepared by immobilizing
nano-sized Al,Oj particles on the surfaces of Cu particles by
a mechano-fusion method, rather than an alloy powder was
used as the “paste for a discharge auxiliary electrode”. There-
fore, the structure of metal particles in the discharge auxiliary
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“x”. Although the characteristics of “peak voltage after drop
impact” of the ESD protection device of Sample 26 was
somewhat inferior to that of the ESD protection device of
Sample 6 accordingly, the ESD protection device of Sample
26 could be provided for practical use. Comparing the dis-
charge auxiliary electrode of Sample 26 with the discharge
auxiliary electrode portion of Sample 6, the amount of glass-
containing substance that was present between core-shell
metal particles in the discharge auxiliary electrode of Sample
26 was somewhat smaller than that of Sample 6.
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11, 42 ESD protection device

12 insulator base

16, 17 discharge electrode

18 discharge auxiliary electrode

19, 41 cavity

20, 21 outer terminal electrode

22 core portion

23 shell portion

24 metal particle

25 alloy particle

26 pore

27 glass-containing substance

28 depression

31, 36 ceramic green sheet

32 unfired discharge auxiliary electrode

33, 34 unfired discharge electrode

35 unfired thermally removable layer

37 unfired insulator base

38, 39 unfired outer terminal electrode

40 unfired ESD protection device

G gap

The invention claimed is:

1. An ESD protection device comprising:

afirst discharge electrode and a second discharge electrode
that are disposed so as to face each other;

a discharge auxiliary electrode formed so as to span
between the first discharge electrode and the second
discharge electrode; and

an insulator base that holds the first discharge electrode, the
second discharge electrode, and the discharge auxiliary
electrode,

wherein the discharge auxiliary electrode includes an
aggregate of a plurality of metal particles each having a
core-shell structure including a core portion that con-
tains, as a main component, a first metal and a shell
portion that contains, as a main component, a metal
oxide containing a second metal, and

a pore is present in at least part of the shell portion.

2. The ESD protection device according to claim 1,
wherein the core portion has a depression in a vicinity of the
pore.

3. The ESD protection device according to claim 1,
wherein the aggregate of the metal particles contains a glass-
containing substance that binds the metal particles to each
other.

4. The ESD protection device according to claim 1,
wherein the shell portion has a thickness of 50 to 1,500 nm.

5. The ESD protection device according to claim 1,
wherein the second metal is more susceptible to oxidation
than the first metal.

6. The ESD protection device according to claim 5,
wherein the first metal is copper or a copper-based alloy
containing copper as a main component.

7. The ESD protection device according to claim 5,
wherein the metal oxide containing the second metal is at
least one selected from aluminum oxide, silicon oxide, mag-
nesium oxide, and nickel oxide.

8. The ESD protection device according to claim 5,
wherein the core portion contains the second metal as an
auxiliary component.

9. The ESD protection device according to claim 1,
wherein the first discharge electrode, the second discharge
electrode, and the discharge auxiliary electrode are disposed
inside the insulator base, the insulator base has a cavity for
creating a gap between the first discharge electrode and the
second discharge electrode, and the ESD protection device
further comprises a first outer terminal electrode and a second
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outer terminal electrode that are formed on surfaces of the
insulator base and that are respectively electrically connected
to the first discharge electrode and the second discharge elec-
trode.

10. A method for producing an ESD protection device
comprising the steps of:

preparing an alloy powder composed of an alloy containing

a first metal and a second metal that is more susceptible
to oxidation than the first metal;

preparing an insulator base;

forming an unfired discharge auxiliary electrode contain-

ing the alloy powder on a surface of or inside the insu-
lator base;

forming, on a surface of or inside the insulator base, a first

discharge electrode and a second discharge electrode
that are disposed so as to face each other on the discharge
auxiliary electrode; and

firing the unfired discharge auxiliary electrode,

wherein the step of firing the unfired discharge auxiliary

electrode includes the steps of, in each of alloy particles

constituting the alloy powder,

conducting heat treatment in an atmosphere having an
oxygen concentration at which the first metal is not
oxidized and the second metal is oxidized in order to
form a shell portion containing, as a main component,
a metal oxide containing the second metal, the metal
oxide being formed by moving the second metal
toward the surface of the alloy particle and oxidizing
the second metal at the time when the second metal
reaches the surface, and to form a core portion con-
taining, as a main component, the first metal that is left
as a result of the movement of the second metal
toward the surface of the alloy particle,

subsequently conducting heat treatment so as to join the
core portion containing, as the main component, the
first metal with the shell portion containing, as the
main component, the metal oxide containing the sec-
ond metal, and

subsequently decreasing a temperature to form a pore in
the shell portion by shrinking the core portion con-
taining, as the main component, the first metal more
significantly than the shell portion containing, as the
main component, the metal oxide containing the sec-
ond metal.

11. The method for producing an ESD protection device
according to claim 10, wherein the step of preparing an alloy
powder includes a step of producing the alloy powder by
using an atomizing method.

12. The method for producing an ESD protection device
according to claim 10,

wherein the step of preparing an insulator base includes a

step of preparing a plurality of ceramic green sheets
including a first ceramic green sheet and a second
ceramic green sheet,

the step of forming an unfired discharge auxiliary electrode

and the step of forming a first discharge electrode and a
second discharge electrode are performed on the first
ceramic green sheet,

the method further comprises the steps of

forming a thermally removable layer so as to cover a gap

between the first discharge electrode and the second
discharge electrode,

obtaining an unfired insulator base by stacking the second

ceramic green sheet on the first ceramic green sheet so as
to cover the unfired discharge auxiliary electrode, the
first discharge electrode, the second discharge electrode,
and the thermally removable layer, and
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forming, on surfaces of the insulator base, a first outer
terminal electrode and a second outer terminal electrode
that are respectively electrically connected to the first
discharge electrode and the second discharge electrode,
and

wherein the step of firing the unfired discharge auxiliary

electrode includes a step of obtaining the insulator base
by sintering the ceramic green sheets and a step of
removing the thermally removable layer by being burnt
away.

13. The ESD protection device according to claim 2,
wherein the aggregate of the metal particles contains a glass-
containing substance that binds the metal particles to each
other.

14. The ESD protection device according to claim 2,
wherein the shell portion has a thickness of 50 to 1,500 nm.

15. The ESD protection device according to claim 3,
wherein the shell portion has a thickness of 50 to 1,500 nm.
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16. The ESD protection device according to claim 2,
wherein the second metal is more susceptible to oxidation
than the first metal.

17. The ESD protection device according to claim 3,
wherein the second metal is more susceptible to oxidation
than the first metal.

18. The ESD protection device according to claim 4,
wherein the second metal is more susceptible to oxidation
than the first metal.

19. The ESD protection device according to claim 5,
wherein the metal oxide containing the second metal is at
least one selected from aluminum oxide, silicon oxide, mag-
nesium oxide, and nickel oxide.

20. The ESD protection device according to claim 6,
wherein the core portion contains the second metal as an
auxiliary component.

#* #* #* #* #*
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